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We have developed a novel cell surface display system by employing FadL as an anchoring motif, which is 
an outer membrane protein involved in long-chain fatty acid transport in Escherichia coli. A thermostable 
Bacillus sp. strain TG43 lipase (44.5 kDa) could be successfully displayed on the cell surface of E. coli in an 
active form by C-terminal deletion-fusion of lipase at the ninth external loop of FadL. The localization of the 
truncated FadL-lipase fusion protein on the cell surface was confirmed by confocal microscopy and Western 
blot analysis. Lipase activity was mainly detected with whole cells, but not with the culture supernatant, 
suggesting that cell lysis was not a problem. The activity of cell surface-displayed lipase was examined at 
different temperatures and pHs and was found to be the highest at 50°C and pH 9 to 10. Cell surface-displayed 
lipase was quite stable, even at 60 and 70°C, and retained over 90% of the full activity after incubation at 50°C 
for a week. As a potential application, cell surface-displayed lipase was used as a whole-cell catalyst for kinetic 
resolution of racemic methyl mandelate. In 36 h of reaction, (S)-mandelic acid could be produced with the 
enantiomeric excess of 99% and the enantiomeric ratio of 292, which are remarkably higher than values 
obtained with crude lipase or cross-linked lipase crystal. These results suggest that FadL may be a useful 
anchoring motif for displaying enzymes on the cell surface of E. coli for whole-cell biocatalysis. 



Cell surface display is a technique to display peptides or 
proteins on the surface of gram-negative and gram-positive 
bacteria, fungi, or even mammalian cells by appropriately fus- 
ing them to surface anchoring motifs ( 14, 21, 22, 31). The first 
surface expression system was developed by fusing bacterio- 
phage coal protein wilh peptides and small proteins (27). This 
phage display has been widely used in screening of antibodies, 
epitopes, and high-affinity ligands. However, the size of foreign 
proteins that can be displayed on the surface of phage is rather 
limited (4, 7). As an alternative to phage display, microbial cell 
surface display has been developed. This technique has a wide 
range of biotechnological and industrial applications, including 
development of vaccines, peptide and antibody libraries, bio- 
remediation, biocatalysis, and biosensors. Many different 
proteins, including outer membrane proteins, lipoproteins, au- 
totransporters, subunits of surface appendages, and S-layer 
proteins, have been successfully employed as anchoring motifs 
in microbial cell surface display (14, 18, 21). Among these, 
outer membrane proteins have widely been used as anchoring 
motifs because they have unique membrane-spanning struc- 
tures, which provide many potential fusion sites for target 
proteins. Several membrane proteins, including OmpA, OprF, 
OmpS, invasin, LamB, PhoE, OmpC, and Lpp-OmpA, have 
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been used as anchoring motifs for displaying relatively small- 
molecular-weight peptides, antibodies, domains, and receptors 
(4, 21, 25, 32). 

FadL (48.8 kDa) is an outer membrane protein involved in 
the binding and transportation of long-chain fatty acids and 
also in the binding of bacteriophage T2 in Escherichia coli (5, 
10). It has been reported that FadL is rich in (J-structure and 
spans the outer membrane multiple times to form a long-chain 
fatty acid-specific channel. FadL consists of 20 antiparallel 
(3-strands which produce a fi-barrel structure and are con- 
nected by 9 internal loops and 10 external loops (9). These 
characteristics led us to examine the possibility of employing 
FadL as a novel anchoring motif for the display of proteins on 
the E. coli cell surface. 

Recently, enzymatic chiral resolution has drawn much atten- 
tion for obtaining enantiomerically enriched compounds by 
exploiting the selectivity of enzymes for one form of the enan- 
tiomers of a racemic molecule (8, 30). Although many kinds of 
enzymes can be used for the kinetic resolution of racemic 
compounds, enzymes including lipase, esterase, and protease 
have most frequently been used because of their merits such as 
broad substrate specificity, stability, and no requirement of 
cofactor (12, 15). Especially, lipase (triacylglycerol hydrolase; 
EC 3.1.1.3), which generally catalyzes hydrolysis of oils and 
transesterification of esters, is the most commonly used en- 
zyme for this purpose because of its excellent enantioselectiv- 
ity, commercial availability, broad substrate specificities to nat- 
ural and unnatural esters of different structures, and good 
stability in various media ranging from aqueous to nonaqueous 
organic solvents (23, 29). Due to these advantages, lipase has 
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Ivophilized is. coli 
XLIO-Gold (pTrcFadLBL) 



50 ihM Tns-HCl. pH 9.0 



(R, /^Methyl \lan<!daie 



tRi- Methyl mandelate 



1-ICi. I. Reaction scheme for enantioselectivc resolution of racemic methyl mandelate hy using lyophili/cd cells of recombinant /-.. coli 
XI.IO-Gold displaying the 1 adl ,-lipase fusion protein. 



been widely applied for the production of enantiomerically 
pure compounds, which are subsequently used for the synthesis 
of fine chemicals and drug intermediates. However, the re- 
duced enantioselectivity and product yield and the presence of 
impurities are the common problems observed. The use of a 
highly purified enzyme or an immobilized enzyme can partially 
solve these problems, but the process becomes more expensive 
and instability problems can arise (20). Therefore, the devel- 
opment of efficient enzyme systems and processes has been an 
important research objective in this field. 

In this paper, we investigated the display of a thermostable 
Bacillus sp. strain TG43 lipase (44.5 kDa) (28) in an active 
form on the E. coli cell surface by using FadL as an anchoring 
motif and its application in enantioselective biocatalysis. As an 
example, we examined enantioselective resolution of racemic 
methyl mandelate, as shown in Fig. 1. 

MATERIALS AND METHODS 

Bacterial strains and growth conditions. /.. , ,./• XI .KM .old (Sualagcnc clon- 
ing system; Stratagene, La Jolla, Calif.) was used as a host strain for general 
cloning work and gene expression studies. Recombinant cells were cultivated in 
I.uria-Bcrlani medium (10 g of Baclo I ryptone liter, 5 g of IJacto yeast extract 
liter, and 5 g of Nad/liter) supplemented with 50 mg of ampieillin liiei at 3" ( 
and 250 rpm. When the optical density at 600 nm (ODeoo) was 0.4, cells were 
induced with 0.1 inM isopropyl-fS-o-thiogalactopyranoside (IPTG) for the pro 
duclion of recombinant proteins. After induction, cells were further cultured for 
4 h and used for W estern blotting and immunofluorescence microscopy. 

Construction of plasmids. PCR was performed with the PCR thermal cycler 
MP (Takara Shuzo Co., Ltd., Shiga, Japan) using the Expand high-fidelity PCR 
system (Roche Molecular Bioehemieals, Mannheim, Germany). DNA sequenc- 
ing was carried out using the BiglXc terminator cycle sequencing Lit (Perkin- 
Elmer Co., Boston. Mass.). /«:/ polymerase, and an AB1 Prism 377 DNA se- 
quencer (Perkin-Hlmer Co.). All DNA manipulations including restriction 
digestion, ligation, and agarose gel electrophoresis were carried out following 

PCR primers used in this study are listed in lahlc I. Primers for the amplifi- 
cation of the /•'. col: ftiill. and iiiu illus sp. str ain l'( 143 lipase genes were designed 



ha-cd on the reported / genome -cquclKc (or and lire ^eqllelue til 11:1. •//«% 

sp. strain 1X343 lipase (28) (GenlSank accession no. AM4I874), respectively. 

Fractionation of outer membrane proteins. Culture broth (3 ml) was centri- 
fuged at 3,500 < e for 5 min at 4 ( ', and the cell pellet was washed with I ml of 
10 trr.M Na,.HPO, butter (pi I 7.2), follow ed by centrifugal ion at 3,300 X <■ for 5 
min at 4 C. lire cell pellet was resuspended in 0.5 ml of 10 inM Na.,1 IP( >, butter 
(pll ".2). Crude extracts of recombinant /.'. (<>// cells were prepared by three 
cycles of sonieation (each for 20 s at I5'< of maximum output: high-intensity 
ultrasonic liquid processors: Sonics ,V Material Inc., Newtown, Conn.). Partially 
disrupted cells were first removed h\ eentr ifugat ion of sonicated samples at 
12,000 » for 2 min at loom temperatuie. Membrane proteins and lipid layers 
were isolated by centrifugation at 12,000 X g for 30 min at 4V, followed by 
resuspension in 0.5 ml of 10 m.M Na.JIPO, butter (pll 7.2). for sodium dodccyl 
sulfate-polyaciylamide gel electrophoresis (SPS-PAC .1 ) and Western blotting 
expel intents, 0.5' f (wl/Vol) sarcosyl w as also added. After incubation at 37 ( ' for 
30 min, the insoluble pellet containing membrane proteins was obtaiired by 
centrifugation at 12,000 X g for 30 min at 4 ( . Membrane proteins wer e obtained 
by washing the insoluble pellet with 10 mM Na 2 HP0 4 buffer (pH 7.2) followed 
by resuspending in 50 |xl of Tris-EDTA buffer (pH 8.0). 

Western blotting, since the antibody against the Bacillus sp. strain TG43 lipase 
was not available, we used anti-His antibody to probe the truncated FadL 
(FadL,)-lipase-His 6 fusion protein. Whole-cell hs.ttes and membrane fractions 
were analyzed by SDS-12% (wt/vol) PAGE. Western blot analysis was per- 
formed following standard protocols (24). l or the immunodetection of the fu- 
sion protein, rabbit anti-IIis probe anlibodx (Santa Cruz Biotechnology, Santa 
Cruz, Calif.) and goat anti-iabbil immunoglobulin (i (Ig( i)-horscradish perox- 
idase conjugate (Sigma, St. Louis. Mo.) were used. The light-emitting nonradio- 
active ECL kit (Amersham Life Sciences, Buckinghamshire, Cnited Kingdom) 
was used for signal detection. 

Immunofluorescence microscopy. lor immunofluorescence microscopy, cells 
(I ml I were harvested In centrifugation for 5 min at 3,500 x « and 4 ( ', washed 
with phosphate-buffered saline (PBS) solution, and resuspended in PBS solution 
supplemented with 3' - (n't n't) bo\ ine scrum albumin (Sigma). ( ells were incu- 
bated with the rabbit anti-His probe antibody diluted (1:1.000) in PBS solution 
containing 3 r l (wt/wt) bovine serum albumin for 4 h at 4 V. After washing live 
times with PBS solution, the cell-antibody complex was incubated overnight at 
4 ( ' w ith go.it ami labbil Ig< i conjugated w itb lluorese. in isothiocvanatc (I I I ( ': 
Sigma) at a dilution of 1:3.000. Prior to microscopic observation, cells were 
washed five times with PBS solution to remove unbound goat anti-rabbit Ig( 1 
conjugated with MIC. ( ells were mounted on poly-i -lysine-coatcd microscopic 
slides and examined In confocal microscopy (Carl Zeiss, Jena, Germany). Pho- 





TABLE 1. List of primers 


used in PCR experiments 






Sequence" 


( icne to be amplified 


Template DNA used 




5'-GGAATTCATGGTCATGAGCCAGAAAACC 
5'-GCTCTAGAACGATTCTGTGCAGGAAC 


Truncated fadL 


E. coli W3110 chromosome 


Primer 3* 


5'-GGAATTCATGGTCATGAGCCAGAAAACC 
5'-GCTCTAGATTAACGATTCTGTGCAGGAAC 


Itti nca led /hi//, with stop eodon 


/-.'. coli W.s llO chromosome 


Primer 4 
Primer 5 
Primer 6 


5'-GCTCTAGAGCGGCTTCGCGAGCCAAT 
V-( ( -CAAGCTTTTAAGGC ( GCVVAACK'GC 
5 ' - CCCAAGCTTTTAATGGTGATGATGGTGAT 
GAGGCCGCAAACTCGC 


Bacillus sp. strain TG43 lipase gene 


UpA-pET76b 



■'' I'ndci lined sequence was added for expression of the truncated fujl. gene. 
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tographs were taken with a Carl Zeiss LSM 410. Samples were excited by a 
488-nm argon laser, and images were filtered h\ a lung pass 505-nm filter. 

Measurement of lipase activities. Cells were cultivated in a 250-ml flask 
c 100 ml of Luria-Bertani medium at 37 ( ' and 250 rpm. At an OD 600 

of 0.4, cells were induced with 0.01, 0.1, or 1 mM IPTG for the production 
of recombinant proteins. Alter induction, cells were further cultured for 4 h. 
Cells were harvested by centrifugation for 5 min at 5,590 X g and 4°C, washed 
with distilled water, and lyophilized with a freeze dryer (TFD5505; Ilshin Lab., 
' i\conggi-do, Korea) lot 4.S h. 

Lipase activity was assayed by a spectrophoioim trie method using p-nitrophe- 
nyl decanoate as a substrate (19). 1 he /;-nitrophenyl decanoate was dissolved in 
acetonitrile at a concentration of 1 0 mM. Ethanol and 50 mM Tris-HCl (pH 8.0) 
were subsequently added to make a substrate solution having a volume ratio of 
1:4:95 (10 m\l //-nilrophcm I decanoate in acetoniti ■ilc-clhanol- 1 ris-1 1< I ). 
ophilized cells (0.15 mg) or culture supernatant (500 u.1) was added to 3 ml of 
substrate solution lot the determination of lipase aclhin. Alter incubating the 
reaction mixture at 37 (' lot 10 min, the reaction was terminated In adding 2 jjcl 
of 0.5 M EDTA. The activity was assayed by detecting the product, p-nitrophe- 
nol, spectrophotometi icalK at 405 inn. ( )ne unit of lipase acth it\ w as defined as 
the amount ol enzyme releasing one micromole of /;-nitrophenol pel minute (2). 
The specific aclivil\ was delined as the lipase aclh il\ pel milligram of l\ ophilized 
cells. All measurements were carried out in triplicate. 

The temperature-dependent lipase activities were examined in the same sub- 
strate solution described above at controlled temperatures from 16 to 70°C. The 
optimal pH was determined at 37°C using substrate solutions having a volume 
ratio of 1:4:95 (10 mM /)-nilrophcn\ I decanoate in acetoniti ile-clhanol-50 mM 
potassium phosphate or 50 mM Iris-IK 1 at various pi Is ranging from 5 to 10). 
The effect of substrate chain length was delei mined h\ adding a 10 mM solution 
of p-nitrophenyl caproate or p-nitrophcnvl palmilale instead of p-nitrophenyl 
decanoate. f or the examination of (hernial stahilit\ of cell sin lace-displa\ed 
lipase, 10 mg ol l\ophili/ed ceils was lesuspended in 10 ml of 1 iis-II( i (pll S.O) 
and incubated at 37 or 50°C for a week. The 0.1-ml aliquots were taken, cooled 
to 37 ( ', and added to 1 ml of substrate solution foi the measu lenient of icsidual 
activity at 37°C for 10 min. For the detection of cell lysis, we measured the OD 600 
and the enzyme aclhin in the supernatant dining the enliie leaclion. 

Preparation of enanliomerkally pure compound, for the enantioselective 
hvdiolvsis, (00 mg ol l\ ophilized cells (piepaied In inducing w ilh 0. 1 m\I I l'l ( i ) 
was resuspended in 30 ml of 50 mM Tris-HCl (pH 9.0), into which 150 mg of 
racemic methyl mandelate (Aldrich, St. Louis, Mo.) was added. The reaction 
mixture was incubated at 37°C and 250 rpm. Small aliquots of reaction mixture 
were removed at 12, 24, and 36 h of the reaction, and the products were analyzed 
In high-pel foimano. liquid chi omalogt aph\ (IIl'I.C: I I 00 1 1 l'l .(' s\ stem: Agi- 
lent, Palo Alto, Calif.). 

Analytical methods. Cell growth was monitoied In measu i ing the OD 600 with 
a spectrophotometer (DU650; Beckman, fullerton, Calif). The yield and optical 
purity ol substrate (racemic methyl mandelate) were analyzed by using the 
IIPI.C apparatus equipped with a chiral column (t hiialcel O.l-Il column: Daicel 
( hemical Industries, Osaka, Japan). A mixluie of hexane and isopropanol ha\ ing 
a volume ratio of 90:10 was used as a mobile phase at a flow rate of 1.0 ml/min. 
for the analysis of product | (S Hnandcl ic acid|, a ( hiialcel ( ) 11-1 1 column (I >ai- 
cel) was employed using a mixture of hexane, isopropanol. and trilluoroacetic 
acid at a volume ratio of 80:20:1 as a mobile phase at a How rate of 0.5 ml min. 
Reaction products and substrates were detected In measui ing the absoi bailee at 
230 nm using a diode array detector (1100 HPLC DAD; Agilent). 

RESULTS 

Construction of cell surface display system. Based on the 
predicted structure of FadL (9), two trypsin cleavage sites 
following Arg 93 and Arg 384 are exposed at the external face of 
the outer membrane and are located at the second and ninth 
loops from the N terminal, respectively. Therefore, these 
points were considered the potential fusion sites. Between 
these two fusion sites, the ninth external loop was selected 
because the ninth loop is the second-to-the-last external loop 
and, therefore, is not likely to disrupt most of the FadL (3-bar- 
rel structure. 

The truncated fadL (fadL t ) gene encoding the first 384 
amino acids from the N terminus was amplified by PCR using 
primers 1 and 2 and was cloned into the EcoRI and Xbal sites 



of pTrc99A to make pTrcFadL (Fig. 2). One arginine was 
additionally inserted at the C terminus by introducing the Xbal 
site at the 3' end of the fadL t gene. The Bacillus sp. strain 
TG43 lipase gene amplified using primers 4 and 5 was then 
cloned into the Xbal and Hindlll sites of pTrcFadL to make 
pTrcFadLBL (Fig. 2). For the expression of the fadL t gene 
without fusion, the fadL t gene containing the stop codon was 
amplified using primers 1 and 3 and cloned into the EcoRI and 
Xbal sites of pTrc99A to make pTrcFadLE (Fig. 2). For the 
immunofluorescence detection of surface-displayed protein, 
the Bacillus sp. strain TG43 lipase gene fused to a DNA frag- 
ment encoding six histidines (His 6 ) at the C terminus was 
amplified using primers 4 and 6 and was cloned into the Xbal 
and Hindlll sites of pTrcFadL to make pTrcFadLBLH (Fig. 
2). The His 6 was introduced to serve as an epitope for the 
rabbit anti-His probe antibody. For the intracellular expression 
of lipase, the Bacillus sp. strain TG43 lipase gene amplified 
using primers 4 and 5 was cloned into the Xbal and Hindlll 
sites of pTrc99A to make pTrcBL (Fig. 2). 

Confirmation of lipase display on the cell surface. To ex- 
amine whether lipase was successfully displayed on the cell 
surface, the whole-cell lysate and outer membrane fraction of 
recombinant E. coli producing FadL t -lipase fusion protein 
were analyzed by SDS-PAGE. However, the fusion protein 
could hardly be detected by Coomassie blue staining, because 
its expression level was rather low (Fig. 3A). Therefore, West- 
ern blot analysis of FadL t -lipase-His 6 was carried out using the 
rabbit anti-His probe antibody, which was subsequently de- 
tected with horseradish peroxidase-conjugated goat anti-rabbit 
IgG (Fig. 3B). The bands corresponding to the 84.2-kDa fusion 
protein were detected in whole-cell lysates and the outer mem- 
brane fraction (Fig. 3B, lanes 2 and 3). No signal was detected 
in whole-cell lysates of E. coli XLIO-Gold (pTrcFadLE) cells 
producing the FadL t protein (Fig. 3B, lane 1). 

The display of lipase on the cell surface could be more 
directly confirmed by immunofluorescence microscopy. As 
shown in Fig. 4, E. coli XLIO-Gold cells expressing the FadL t - 
lipase-His 6 fusion protein became fluorescent due to the bind- 
ing of anti-His probe antibody followed by binding of FITC- 
conjugated secondary antibody, indicating that lipase was 
successfully displayed on the cell surface (Fig. 4B). On the 
other hand, E. coli XLIO-Gold cells expressing FadL t were not 
fluorescent at all (Fig. 4A). 

After confirming that lipase was successfully displayed on 
the /.. coli cell surface, we next examined whether the displayed 
lipases were active. Whole-cell lipase activities of 71.2 ± 7.9 
(mean ± standard deviation), 104.9 ± 9.9, and 66.2 ± 8.1 U 
were obtained using lyophilized XLIO-Gold (pTrcFadLBL) 
cells prepared by inducing with 0.01, 0.1, and 1 mM IPTG, 
respectively, while only 3.2 ± 0.6, 3.3 ± 0.92, and 5.4 ± 1.1 U 
of lipase activity, respectively, was detected in the supernatant. 
The maximum specific activities of lyophilized XLIO-Gold 
(pTrcBL), XLIO-Gold (pTrcFadLBL), and purified Bacillus 
sp. strain TG43 lipase were 200 U/mg, 2,800 U/mg of lyophi- 
lized cells, and 726,700 U/mg of lipase, respectively, which 
indicated that the expression level of lipase was 0.4% of total 
cell weight at least (28). To estimate the actual expression level 
of lipase in each fraction, the activities of whole -cell, soluble, 
and membrane fractions were compared. The activity of the 
membrane fraction was 80% of whole -cell activity. The activity 
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pTre99A 



pTrcFsulL 



pTrcFadLE 




lipase gene 



pTrcFMLBL 



pTrcFatlUBlJI 



pTrcBL 



FIG. 2. Plasmids used for the display of lipase: pTrc99A (Pharmacia Biotech, Uppsala, Sweden), pTrcFadL, truncated fadL of E. coli; 
pTrcFadLE, truncated fadL ofE. coli containing the stop codon; pTrcFadLBL, truncated fadL-Bacillus sp. strain TG43 lipase gene; pTrcFadL- 
BLH, truncated fadL-Bacillus sp. strain TG43 lipase-His 6 fusion gene at the C terminal; pTrcBL, Bacillus sp. strain TG43 lipase. Abbreviations: 
li, KcoRI; X, Xbal; II. IlinclIII; P„. , nv promoter; Ap', (j-laclamase gene. 



a by u 



ion was below 10% of whole-cell activity, 
t that lipases were successfully displayed in 
sing FadL, as an anchoring motif. 



Activity and stability of cell surface-displayed lipase. To 

determine the optimal conditions of cell surface-displayed 
lipase, reactions were carried out at various temperatures rang- 
ing from 16 to 70°C and pHs of 5 to 10. The results are shown 





(A) 



(B) 




FIG. 3. SDS-PAGE analysis (A) and immunoblotting (IS) of re- 
combinant E. coli XLIO-Gold cells expressing FadL t and FadL t - 
lipase-His 6 fusion proteins. Lane 1, molecular mass standards: lane 

2, whole-cell lysates of E. coli XLIO-Gold harboring pLrcFadLE; lane 

3, whole-cell lysates of E. coli XLIO-Gold harboring pTrcFadLBLH; 
lane 4, outer membrane fraction of E. coli XLIO-Gold harboring 
pTrcFadLBLH. 



(A) 



FIG. 4. Differential interference micrographs (upper) and immu- 
nofluorescence micrographs (lower) of XLIO-Gold cells harboring 
pTrcFadLE (A) and pTrcFadLBLH (B). Cells were incubated with 
rabbit anti-His probe antibody followed by probing with goat anti- 
rabbit IgG-FITC conjugate. 
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HI 20 30 40 50 60 70 80 



Temperature <°C} 

FIG. 5. Effect of temperature on lipase activity of E. coli XL10- 
Gold (pTrcFadLBL). The enzyme activity was determined at pH 8.0 by 
using p-nitrophenyl decanoate as the substrate. Relative activity was 
calculated by assuming the activity obtained at 60°C was 100%. 




(t 20 40 f.0 Sll 100 120 140 160 
Time (h) 



FIG. 7. Stability of lipase displayed on the cell surface of E. coli 
XLIO-Gold (pTrcFadLBL) cells during prolonged incubation at pH 
8.0 and 37°C (O) or 50°C (□). The enzyme activity was determined at 
37"C by uMiig/.'-nilropheml decanoate as the substrate. Relative ac- 
tivity was calculated by assuming the initial activity was 100%. 



in Fig. 5 and 6. Cell surface-displayed lipase showed the max- 
imum activity at 50°C. In the temperature range of 40 to 70°C, 
the activity was higher than 80% of the maximum activity. The 
activity of cell surface-displayed lipase was higher under alka- 
line conditions and was the highest at pH 9. After the optimi- 
zation of reaction conditions, thermal stability was examined, 
as it is important for industrial applications. Cell surface-dis- 
played lipase was incubated at 37 and 50°C for 1 week, and the 
whole-cell activity was measured periodically during the week. 
As shown in Fig. 7, the cell surface-displayed lipase was quite 
stable against heat and did not show much loss of activity (less 
than 10%) at either temperature. When we measured the cell 
density (OD 600 ) during the reaction, the change of OD 600 was 
negligible during the entire reaction period. Furthermore, the 
activities in the supernatants were negligible, which indicated 
that cell lysis did not occur. Finally, substrate specificity was 
examined using three ;?-nitrophenyl esters, of caproate, de- 
canoate, and palmitate, having different carbon chain lengths. 
The lipase used in this study showed the highest activity to- 



wards />-nitrophenyl octanoate (C 8 ) when it is used in the free 
form. The activity towards />-nitrophenyl palmitate (C 16 ) or p- 
nitrophenyl butyrate (C 4 ) was below 50% of the highest activity 
(28). As shown in Table 2, the activity obtained with ;?-nitro- 
phenyl palmitate was below half of that obtained with />-nitro- 
phenyl decanoate or /?-nitrophenyl caproate. These results 
suggest that the enzymatic characteristics of the cell surface- 
displayed lipase were similar to those of free enzyme (3, 28). 

Hnantiosclcctivc resolution of racemic methyl mandelate by 
using cell surface-displayed lipase. As a potential application, 
we investigated the possibility of enantioselective resolution of 
racemic compounds by using cell surface-displayed lipase. Ra- 
cemic methyl mandelate was used as a model substrate. The 
scheme for enantioselective resolution with cell surface-dis- 
played lipase is shown in Fig. 1. After 36 h, the enantiomeric 
excesses of the remaining methyl mandelate and the product, 
(S)-mandelic acid, reached 33 and 99%, respectively (Table 3). 
Also, high enantioselectivity (E value of >250) was obtained 
(Table 3). These results suggest that the lipase displayed on the 
E. coli cell surface can be used for efficient chiral resolution of 
racemic compounds. 



DISCUSSION 



The microbial cell surface display system can be used in 
a wide range of applications as described earlier. Especially, 



lotto £> 
I 



TABLE 2. Effect of substrate chain length on activity 
of cell surface-displayed lipase 

.-ivitv parameter />-Nitrophenyl ^-Nitrophenyl p-Nitro] 



pH 

FIG. 6. Effect of pH on lipase activity of E. coli XLIO-Gold 
(pTrcFadLBL). The enzyme activity was determined at 37°C by using 
p-nitrophenyl decanoate as the substrate. Buffers used were 50 mM 
potassium phosphate buffer (V) and 50 mM Tris-HCl (A). Relative 
activity was calculated by assuming the activity obtained at pH 9.0 was 
100%. 



Activity (LTf 
Specific activin ( t I ma 
of lyophili/cd cells) 
Relative activity (%)* 



' Activity was assayed by adding 0.15 nig ol lyophi 
ilution consisting of 10 mM substrate in 
lisdK'l (pi I .1 t th olume rattoof 1:4 

nitioplicnyl di canoate as 100'V.. 



ethanol, and 50 mM 
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TABLE 3. Enantioselecti\e hydrolysis of racemic methyl 
mandelate by cell surface-displayed lipase 

Time Enantiomeric excess (%)" Conversion Enantiomeric 

(") Remaining ester Product Wt rati ° C 

12 0 ND rf 0 

24 23.2 ± 1.6 99.0 19.0 ± 1.0 250 

36 39.1 ± 2.5 99.0 28.3 ± 1.3 292 

" Enantiomeric excess (ee) = 100 X (A - B)/(A + B), where A and B are 

" Percentage of conversion (c) - ee s /(ee s ee p ), where subscripts s and p 
represent remaining cslci and product, i cspecth el\ . 

' Lnantiomcric ratio (/•) = ln[l - c(l + ee p )]/ln[l - c(l - ee p )]. 
d ND, not detected. 

display of active enzyme has been intensively pursued for its 
potential to be used as a whole -cell biocatalyst in the fields of 
pharmaceutical, fine chemical, and agrochemical production. 
To date, however, only a few enzymes, including levansucrase, 
organophosphorous hydrolase, lipase, dimeric bovine adreno- 
doxin, and carboxymethylcellulase, have been displayed on the 
cell surface by using only a small number of different anchoring 
motifs (17, 18, 21, 26). With an aim to develop a novel system 
for the display of enzymes, we examined the E. coli outer mem- 
brane protein FadL as a potential anchoring motif. Several 
strategies have been developed to fuse target proteins to the 
anchoring motif: N-terminal fusion, sandwich fusion, and C- 
terminal fusion (11, 16, 26, 32). Among them, we employed a 
C-terminal deletion-fusion strategy, as it allows display of rel- 
atively large proteins of up to 60 kDa (21). Successful display 
of the 44.5-kDa Bacillus sp. strain TG43 lipase by using FadL 
as an anchoring motif was confirmed by whole-cell activity 
measurement, immunofluorescence microscopy, and Western 
blot analysis. 

As shown in Fig. 5, 6, and 7, cell surface-displayed lipase 
showed good enzymatic characteristics. This performance 
seems to have been due to the displayed pure lipase being 
stably anchored at the cellular outer membrane in active form, 
behaving like an immobilized enzyme system. The most re- 
markable finding with the FadL surface display system is the 
heat stability. Lyophilized cells displaying lipase were very sta- 
ble at high temperature (50°C) and retained 90% of full activ- 
ity after incubation at 50°C for a week (Fig. 7). Display of 
enzyme on the cell surface often causes instability of the mem- 
brane, which consequently causes cell growth defects, lysis, 
and/or inactivation of cell surface-displayed enzyme (26). 
However, the lipase displayed by using FadL as an anchor 
motif showed high heat stability, with no sign of cell growth 
defects, lysis, or thermal inactivation. 

To apply cell surface-displayed lipase in the production of 
chiral compounds, we carried out enantioselective hydrolysis of 
racemic methyl mandelate as an example. During the hydro- 
lysis reaction, no significant cell lysis was observed at 37°C (the 
change of OD 600 and supernatant activity during the reaction 
were negligible), indicating that hydrolysis of methyl mande- 
late was carried out by cell surface-displayed lipase, not by the 
free lipase released. As shown in Table 3 optically pure (5)- 
mandelic acid could be obtained with an enantiomeric excess 
of 99% and an E value of 292. These results are remarkably 
higher than those obtained with crude lipase or cross-linked 
lipase crystal (1, 20). It has been reported that the substrate 



structure and the origin of lipase mainly determine the reac- 
tivity and selectivity in a lipase-catalyzed reaction (13). This is 
also true for the cell surface-displayed lipase, because (S)- 
methyl mandelate is the preferred substrate in this reaction. 
This further suggests that higher reactivity and selectivity for a 
desired substrate can be achieved by displaying a different 
lipase highly active towards that substrate. 

In this study, we demonstrated that E. coli FadL can be used 
as an efficient anchoring motif for the display of a relatively 
large enzyme (44.5 kDa). Also, displayed lipase could be used 
for enantioselective biocatalysis with high reactivity, enantio- 
selectivity, and enhanced thermal stability. Moreover, because 
cell surface -displayed lipase can be simply prepared by culti- 
vation and harvesting of recombinant cells, no additional steps 
for the purification and immobilization of lipase are required. 
In conclusion, the cell surface-displayed lipase and, more gen- 
erally, cell surface-displayed enzyme can be used as a cost- 
effective system for various biocatalytic reactions in the fields 
of pharmaceuticals, fine chemicals, agrochemicals, and other 
demanding industries. 
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